The development of a small capacity absorption chiller and the numerical and experimental results are presented in this paper. The prototype is a thermally driven ammonia-water absorption chiller of 5 kW cooling capacity for solar cooling applications. The chiller was developed in an industrial perspective with a goal of overall compactness and using commercially available components. In order to characterize various component technologies and different optimization components, the prototype is monitored with temperature, pressure and mass flow rate accurate sensors. The resulting chiller, characterized by a reduced load in ammonia-water solution and the use of brazed plate heat exchanger, has shown good performance during the preliminary tests. A comparison with the expected numerical results is given.
Introduction
Due to the increasing energy consumption of air-conditioning in building and the need to reduce CO2 emissions to the environment, the interest of using renewable energy sources shows up stronger than ever. Solar energy, often correlated to the cooling demand of a building [1] , is probably one of the best energy resources for air conditioning systems. The major part of the solar cooling systems use thermally driven single effect absorption chiller [2] , which are available on the market in a wide range of capacities and designed for different applications. But only few chillers are available with a cooling capacity lower than 50 kW and with an optimized design for solar applications [3] . For small scale applications, like single family house, there are only few available chillers (less than 10 kW). Therefore the development of low power cooling and air conditioning systems is of particular interest [4] . There are two main working pairs for absorption chillers: water-lithium bromide and ammonia-water. Ammonia-water chillers are particularly interesting because of their low production and maintenance cost [5] . Moreover the high pressure thermodynamic cycle is favorable for internal heat and mass transfer optimization, reduction of the ammonia-water solution quantity, lower hydraulic pressure drops and a compact final design. The 5 kW cooling capacity ammonia-water absorption chiller described in this paper was especially designed for solar cooling applications in this way. 
Nomenclature

Numerical studies
A model of a single-stage ammonia-water cycle ( Fig. 1 ) was implemented in EES [6] . The mass and energy conservation equations have been carried out for each component [7] with correlations of Ibrahim and Klein [8] to calculate thermodynamic properties of the NH 3 /H 2 O mixture. Solution and refrigerant are assumed to be at saturation at exit of each component (no limitation of heat and mass transfer). By specifying operating temperatures conditions, solution mass flow or cooling load required, heat exchangers efficiencies of solution heat exchanger and subcooler (Fig. 1.) and pressure drop in each components, the software provides corresponding thermodynamic states of the cycle and the global performances. This model was used to design the prototype and to perform parametric studies. Simulations showed the interest to have a pump with variable-speed to adapt the cooling power when the operating conditions change (Fig. 2.) . Thanks to internal heat exchangers efficiency studies, we pointed out that the solution heat exchanger efficiency improves significantly the thermal COP whereas the subcooler efficiency has a small effect (Fig. 3. a and b) . Furthermore, the solution heat exchanger allows to sub-cool the poor solution before the expansion valve, so that no desorption occurs when the solution is throttled before entering the absorber. The internal pressure drops in the components impact more the cooling power production than the thermal coefficient of performance: at nominal inlet conditions (T E /T AC /T G =18/27/80 °C), if pressure drop in each component is equal to 5 kPa, then the thermal COP degradation is only 1% while the cooling capacity degradation is 5%. It reveals also that the absorber and the subcooler are the only components sensitive to pressure drop in terms of thermodynamic cycle's performance ( Table 1) . 
Technical choices and design
Since ammonia is very corrosive against many common materials, a special care was taken by selecting only ammonia compliant components. As a technological readiness asset, only industrial brazed/soldered plate heat exchangers are implemented, which means that some modifications have to be done to turn three of them (desorber, rectifier and absorber, Fig. 1.) into mass transfer components. Three stainless steel tanks are used as vapor-liquid separator at the outlets of those exchangers. The rectifier heat exchanger removes remaining water from ammonia vapor before the condenser. The absorber heat exchanger's inlet features an original double distributor system, which allows liquid and gas phases to be evenly fed into each channel. Since the solution pump is the major electricity consuming component of the chiller and therefore directly related to the electrical coefficient of performance, special attention was paid to its specifications with regard to hydraulic, environmental, user and electrical constraints. High guarantee of tightness is required because of the high ammonia toxicity for human beings as well as an accurate speed control over wide operating range as stated in Table 2 . It leads to the selection of a diaphragm pump as solution pump. Since the liquid solution entering into the pump comes from the absorber, its temperature is relatively close to saturation. If some frictional heating occurs, there is a risk of desorption around the moving parts, which can severely alter lifespan. Therefore, the selected pump must show very little heating, even locally on its inner parts.
The usual control components for ammonia systems are available for large capacities. Thermostatic expansion valves for instance could not be found for the capacity of this project. Although some machines do use a time regulated valve, this requires a substantial fluid volume for achieving a smooth thermodynamic cycle. Since the current machine shows a very low fluid volume, electronically regulated valves were selected. Since the pump and electronic valves are powered through electronic power controllers, the input current to the devices differs significantly in shape and amplitude from the maximum rated supply current and looks highly non-linear. Therefore we checked the signal before starting the measurement campaigns with an oscilloscope and we compared it with the measured values from electronic power meter transducer used for online recording. Those maximum ratings were 230 Vac -5 A with an accuracy of 0.5% full scale.
Control and monitoring are based on a 1s time step and the actuators (3 internal valves and pump, 3 external pumps) are controlled to ensure a safe and automatic operation of the chiller. 
Experimental and numerical results comparison
Experimental tests were performed at INES (French National Institute for Solar Energy) facilities (Fig.  4. ) providing adjustable power and temperature level for cooling or heating on the ports of the chiller.
Due to the technical choices, the quantities of water and ammonia contained in the prototype are very low, with 0.735 kg of water and 2.4 kg of ammoniac. The specific solution and refrigerant charge is close to 0.6 kg per kW.
The first results have shown a 4.2 kW cooling capacity at 80, 27 and 18°C at the inlets of desorber, absorber/condenser and evaporator respectively. The experimental thermal COP, defined as the ratio between cooling and heating energy, is about 0.65 in these conditions while a poor efficiency (0.16 instead of 0.83 planned) of the solution heat exchanger was detected.
Experimental thermal COP values are compared to the numerical ones as a function of the Carnot efficiency [3] (Fig. 5.) . In Fig. 5 , besides the experimental and numerical results, the second curve (Market correlation) represents a global view of the performances of five commercial single-stage absorption chillers that were characterized at INES facilities. This graphic enables the comparison of absorption chillers regardless of their cooling capacity. The experimental results are far from the numerical ones; it is partly explained by the poor efficiency of the solution heat exchanger as shown in Fig. 3 (a) . Furthermore, it was observed during the tests that a good tuning of the solution throttle valve, hence of the poor solution loop pressure drop, improves the performances of the chiller. Consequently, the latest results seem to fit the numerical curve better. Undergoing work on the control strategy is aimed at reducing the gap. A first characterization of the absorption chiller with a constant inlet temperature of 18°C at the evaporator was carried out for different temperatures at the Absorber/Condenser inlets, from 25°C to 35°C.
In Fig. 6 , the impact of the rich solution flow on the evaporator power was studied and in Fig. 7 , it was the generator inlet temperature, from 70°C to 90°C. The dotted curves represent the results of the numerical model where the parameters were chosen to correspond to experimental operating conditions:
internal temperatures at the outlet of the evaporator, condenser, rectifier and desorber, rich solution mass flow rate, solution heat exchanger and the subcooler efficiencies, pressure drop in the absorber.
Since the temperature at the evaporator inlet is not an input of the numerical model, the vapour quality of the refrigerant at the evaporator outlet was fitted to obtain the same evaporation temperature as during the tests. Furthermore, the vapour temperature entering the rectifier is supposed equal to the temperature of the desorber outlet minus 5°C. This hypothesis, going against the assumption of Herold & al. [7] , is made to obtain a vapour temperature close to the ones measured. Fig 6 and 7 as Fig.5 show a significant gap between experimental and numerical data, though the slopes of the curves are close. This gap can be explained by the poor performances of the absorber, where the mass transfer rate is limited. The cooling power decrease when the temperature at the absorber and condenser inlets is increased, as shown by both experimental and numerical results. However, the cooling power is relatively constant at T AC, in = 35°C (Fig. 6 ) and we didn't achieve a test at low flow rate at these temperature because the prototype behaviour wasn't stable enough under these operating conditions. The near asymptotic behaviour of the experimental curve at T AC,in = 25°C (Fig. 6 ) and at T G, in = 90°C curve for low absorber/condenser temperature ( 
Conclusions
This article presents the development of a 5 kW cooling capacity ammonia-water absorption chiller for solar cooling applications. The objective of small overall dimensions, low cost and low ammonia load leads us to choose compact flat plate heat exchangers available from the market.
The different technical choices enable to build a compact chiller with low solution and refrigerant quantities, even in the case of a prototype.
The first experimental results are very encouraging. Nevertheless, further optimization points have been identified, especially for the solution heat exchanger and the absorber. These components will be replaced soon by adapted in order to enhance the performance.
The last experimental tests with adapted control strategy showed results close to numerically expected ones. The next step is to develop an optimized control strategy that is maximizing performance of the chiller in various real operating conditions. 
